ABSTRACT: Anterior and posterior cruciate ligament (ACL and PCL) sacrifice in contemporary total knee arthroplasty (TKA) has been considered a potential factor leading to abnormal knee kinematics. Bi-cruciate retaining (BCR) TKA design allows retention of both ACL and PCL. However, there is a limited data on the ACL/PCL in-vivo elongation characteristics of BCR TKA. The study aimed to evaluate and compare the in-vivo elongation patterns of ACL/PCL between BCR TKA and contralateral non-implanted knee and to explore potential factors leading to the changed elongation patterns between limbs. ACL/PCL elongations of both knees during sit-tostand were measured in 29 unilateral BCR TKA patients using a validated dual fluoroscopic tracking technique. Joint gap changes of the BCR TKA knees relative to the contralateral knee were quantified. BCR TKA and the contralateral non-implanted knee exhibited similar ACL elongation at extension and clinical anterior knee laxity. However, BCR TKA showed significantly greater PCL elongation during flexion than the non-implanted knee. Variation of changed elongation was observed for both ACL and PCL, suggesting a heterogeneous restoration of normal ACL/PCL functions. A significant correlation was found between extension joint gap change and the change of ACL elongation, highlighting the importance of precise joint line restoration and soft tissue balancing during BCR TKA surgery. Our findings suggest that BCR TKA did not fully restore "near-normal" cruciate ligament elongation patterns and anteroposterior stability. Considerable heterogeneity remains in the retained ligament elongation patterns and warrants further investigations of multifactorial factors to optimize ACL/PCL functions in BCR TKA. ß
Abnormal knee kinematics and "paradoxical" anterior femoral translation has been reported in contemporary posterior cruciate retaining (CR) and posterior stabilized (PS) total knee arthroplasty (TKA). [1] [2] [3] [4] Implant design and anterior cruciate ligament sacrifice in CR and PS TKA have been considered as potential contributory factors leading to patient dissatisfaction. 5 Anterior and posterior cruciate ligament (ACL and PCL) retaining TKA, or bi-cruciate retaining (BCR) TKA has potential advantages over contemporary TKA. Functional outcomes and implant survivorship have been reported in 22-year long-term follow-up studies, 6, 7 with a greater number of bilateral TKA patients preferring the BCR TKA over their contralateral PS or CR TKA. 1 In-vitro studies have reported reduced anteroposterior laxity in BCR TKA and closer replication of native knee kinematics when compared to contemporary TKA. 5, 8 In-vivo studies have demonstrated gradual posterior femoral rollback with limited anteroposterior translation during deep knee flexion and more native knee kinematics during gait attributed to the preservation of cruciate ligament (ACL and PCL) function. 3, [9] [10] [11] [12] However, most of these in-vitro and in-vivo experimental findings are limited to BCR TKA designs no longer in clinical use or to functional activities with small knee flexion motion.
The in-vivo elongation behavior of the ACL and PCL has been studied in healthy subjects, demonstrating a compensatory function between ACL and PCL during quasi-static lunge. [13] [14] [15] Previous studies in patients with CR TKA have reported overstretching of the PCL, demonstrating realignment of the preserved PCL from a medially directed to an almost sagittal orientation. [16] [17] [18] Excessive PCL elongation results in PCL dysfunction which correlates with reduced posterior femoral rollback, 2 increased flexion gap, 19 and compromises rotational stability of the knee. 16 However, there is a paucity of literature on the in-vivo elongation characteristics of the preserved ACL and PCL in patients with contemporary BCR TKA design during functional weight bearing activity. The sit-to-stand (STS) activity is a challenging task undertaken multiple times on a daily basis that requires considerable leg-extensor strength and knee joint range of motion. 20, 21 As a sensitive task to detect the difference in kinematics between TKA and native knee, 22 STS has been considered as an adequate performance-based measure for patients with TKA. 23 Furthermore, as ligament elongation behavior is intimately related to in-vivo kinematics, it is possible that joint gap changes, which are known to affect in-vivo kinematics, 19, [24] [25] [26] may cause changed ligament elongation behavior. Therefore, the aims of this study were to investigate: (1) in-vivo elongation of the preserved ACL and PCL in unilateral BCR TKA patients and compare with the contralateral non-operated knee; and (2) to determine if there was a correlation between cruciate ligament (ACL and PCL) elongation and joint gap changes during weight-bearing STS activity. 3 ) from the pelvis to the ankles for the creation of 3D surface models of both knees (BCR TKA and non-operated). 3D models of both knees were constructed. The ACL femoral footprints were identified using anatomical features on lateral intercondyle of the subject specific 3D knee models. 27 The anteromedial (AM) and posterolateral (PL) bundles of the ACL femoral attachment site were divided by the bifurcate ridge. The tibial footprint of the ACL were specified using the anterior ridge (the Parsons' knob), 28 medial intercondylar ridge, lateral groove, and the intertubercular fossa. 29 The ACL tibial attachment areas were divided into AM and PL bundles based on the anatomical description. 30 The attachment sites of the PCL on the femur and tibia were also digitized and divided into anterolateral (AL) and posteromedial (PM) bundles following its anatomy. 31 The area centroids of the ACL and PCL bundles were calculated. Lines connecting the centroids of the corresponding bundle attachment sites on the femur and tibia represent the bundles of the ACL and PCL. These ACL and PCL attachments of the nonoperated knee were mapped onto the operated BCR TKA knee using a previously published 3D mirroring technique 32 in order to reduce potential reconstruction errors in femur and tibial models due to shiny reflections of TKA components in CT scan images (Fig. 1) . Briefly, surface models of the non-operated femur and tibia bones were mirrored with respect to the sagittal plane. Then, the mirrored models were aligned with the femur and tibia bones of the implanted or operated side using a method of iterative closest points. 32 The average residual surface-tosurface registration errors between the mirrored nonoperated and remaining bone of the operated side were 0.47 AE 0.11 mm and 0.55 AE 0.20 mm for the femur and tibia, respectively. Based on the cruciate ligament attachments CT-based 3D BCR TKA joint models with cruciate ligament bundles were created (Fig. 2) . The reference lengths (ɭ 0 ) of the cruciate ligament bundles were based on the lengths measured in supine, extended position on CT. A consistent CT protocol was applied to all patients in this study. All patients were instructed to maintain their knees relaxed with their feet resting externally rotated while receiving a CT scan.
MATERIALS AND METHODS

Patients
The average reference lengths of ACL AM and PL bundles were 35.2 AE 3.9 mm and 25.8 AE 3.2 mm. The corresponding lengths of PCL AL and PM were 29.3 AE 2.6 mm and 31.5 AE 2.5 mm.
Dual Fluoroscopic Imaging System (DFIS)
All patients performed weight-bearing STS under dual fluoroscopic imaging system (DFIS) (BV Pulsera, Phillips Medical Systems, Shelton, CT) surveillance using snapshots at 30 frames per second with an 8 ms pulse width. 32 Output fluoroscopic image resolution was 1024 by 1024 pixels. The diameter of the image intensifier was 12 inches. The X-ray source to image distance was 100 cm. Each patient's 2D fluoroscopic images, corresponding 3D surface, and cruciate ligament models were imported into a virtual DFIS environment. An optimization procedure was utilized to perform matching between the 3D surface models and the 2D fluoroscopic image outlines. 33 The resolution of DFIS approach has a maximum standard deviation of 0.35 mm in translation and 0.55˚in rotation. 33 Measurement of In-Vivo ACL and PCL Length Measurement of the elongation of knee joint ligaments during flexion has been previously reported in several cadaveric studies. Using skin markers and stereophotogrammetry in movement analysis, Bergamini et al., 34 described the relevant ligament lengths for ACL, PCL, and collateral ligaments during flexion. Edwards et al., 35 compared elongation patterns of intact and reconstructed ACL using strain analysis. However, cadaveric studies is limited as the in-vitro testing condition cannot properly simulate in-vivo physiological knee performances. 36 In this study, the ACL and PCL length measurement under in-vivo conditions was performed using a previously published technique. [37] [38] [39] The ACL and PCL attachment areas on the BCR TKA and non-operated knees were first determined at each flexion angle. An optimization procedure was implemented to find the shortest 3D wrapping path of each bundle of ACL and PCL portion during STS, and the lengths of each portion were determined. [37] [38] [39] Following that, determination of the wrapping length (ɭ) of each bundle of ACL and PCL during STS was performed. Ligament elongation in both BCR TKA and non-operated knees was calculated using the following formula: (ɭ À ɭ 0 )/ɭ 0 Â 100 (%). The difference of in-vivo ACL and PCL elongation between BCR TKA and contralateral non-operated knee during STS were quantified.
Measurement of Joint Gap Changes
The knee joint gap changes of BCR TKA were determined with respect to contralateral non-operated knee at flexion (Fig. 3A) and extension (Fig. 3B) positions. The coordinates of the most distal and posterior points were measured on the medial and lateral femoral condyles of the TKA femoral component and non-operated femur in the femoral anatomical coordinate system. The difference between the corresponding points of the TKA and femur were calculated. The averages of the differences of the medial and lateral distal and posterior femoral condyles were considered as the distal ( the tibial joint line changes, the highest peaks of the medial and lateral tibial plateau of the non-operated tibia were used. Corresponding points of the medial and lateral tibial inserts of TKA were obtained. The difference between the corresponding points of the insert and tibia were calculated in the tibial local coordinate system. The averages of the differences of the medial and lateral tibial compartments were considered as the tibial joint line changes (Fig. 3) . To evaluate the effect of BCR implantation on the joint gap, flexion joint gap change was calculated as the sum of the elevation of the posterior femoral condylar and the elevation of the tibial joint line. Similarly, the extension joint gap change was calculated as the sum of the elevation of the distal femoral joint line and the elevation of the tibial joint line.
Statistics
A sample size analysis was performed based on an overall a of 0.05 and statistical power of 0.9. We designed the study to detect a ligament length difference of 3 mm with a standard deviation of 3.5 mm. 13 The power analysis estimated that 29 patients needed to be enrolled in the present study. For statistical analysis, the paired-sample Wilcoxon signed rank test was performed to test the difference in ligament elongation between limbs during STS. Spearman rank correlation coefficient was used to evaluate the relationships between static anterior knee laxity test results and dynamic in-vivo ACL elongation. Spearman rank correlation coefficient was also used to determine the correlation between joint gap changes and changes of ACL/PCL elongation in BCR TKA knees. As the elongation of ACL and PCL maximizes in extension and flexion positions, respectively, the correlation between the flexion joint gap change and the change of PCL elongation (BCR TKA vs. native knee) as well as the correlation between the extension joint gap change and the change of ACL elongation are of particular interest in this study. 
RESULTS
ACL (AM and PL Bundles) Elongation and Anteroposterior Laxity
Both AM and PL bundles of the BCR TKA and nonoperated knee were lax (AM shortened by 24.7 AE 9.2% and 18.0 AE 6.5%, PL shortened by 35.2 AE 12.8% and 33.5 AE 8.6% for TKA and non-operated knee, respectively) at 90˚flexion and taut (AM elongated by 2.8 AE 9.3% and 5.6 AE 3.3%, PL elongated by 3.4 AE 12.3% and 5.8 AE 4.9% for TKA and non-operated knee, respectively) in extension (Fig. 4) . Compared with the contralateral non-operated knee, BCR TKA exhibited a lower ACL elongation by À2.7 AE 10.6% (p ¼ 0.325) for the AM bundle (Fig. 4A) and by À2.4 AE 13.7% (p ¼ 0.130) for the PL bundle at extension (Fig. 4B) 
PCL (AL and PM Bundles)
Both AL and PM bundles of the TKA and non-operated knees remained taut in high flexion (AL elongated by 45.7 AE 13.9% and 42.1 AE 13.8%, PM elongated by 34.0 AE 13.2% and 30.7 AE 15.5% for TKA and non-operated knee at 90˚flexion) and demonstrated lax (AL shortened by 1.0 AE 12.7% and 2.1 AE 4.3%, PM shortened by 0.4 AE 11.6% and 1.8 AE 3.6% for TKA and non-operated knee) at extension (Fig. 4) .
The PCL AL and PM bundles of the BCR TKA displayed significantly (p < 0.05) larger elongation than that of contralateral non-operated knee in high flexion (30-90˚; Fig. 4C and D) . At 90˚flexion, compared to the contralateral non-implanted knee, BCR TKA exhibited a significantly larger PCL elongation by 3.6 AE 15.2% (p ¼ 0.019) for the AL bundle (Fig. 4C ) and 3.3 AE 15.3% (p ¼ 0.021) for the PM bundle (Fig. 4D) . Marked inter-subject variability was also observed in the change of PCL elongation for both AL (min À40.8%, max 21.6%, range 62.5%; Table 2 ) and PM bundles (min À37.8%, max 22.7%, range 60.5%; Table 2 ).
Joint Line Changes of BCR TKA
Compared with the contralateral non-implanted knee, the BCR TKA exhibited elevated femoral joint line by 0.5 AE 2.1 mm in extension position (Fig. 3B) , increased posterior femoral condylar offset by 0.8 AE 1.9 mm at 90f exion position (Fig. 3A) , and increased tibial joint line by 4.6 AE 1.9 mm (Fig. 3) . In addition, compared with the contralateral non-implanted knee, the BCR TKA showed reduced medial femoral condyle joint gap by 0.2 AE 2 mm, and increased lateral femoral condyle joint gap by 1.1 AE 2.6 mm in extension position. Similarly, the BCR TKA showed reduced the medial condyle posterior offset by À1.2 AE 2.3 mm, and increased lateral femoral condyle posterior offset by 2.8 AE 2.4 mm in at 90˚flexion position, when compared to the contralateral non-implanted knee. To evaluate the overall effect of BCR TKA on the joint gap of the native knee in the extension position, the combination of elevations of the distal femoral joint line (in extension) and the tibial joint line was 5.0 AE 2.7 mm, which is considered as the extension joint gap change. Similarly, the combination of elevations of the femoral posterior condylar offset (at 90˚flexion) and the tibial joint line was 5.4 AE 2.2 mm, which is considered as the flexion joint gap change.
Correlation Between Joint Line Change and Cruciate Ligament Elongation
Significant positive correlation was found between extension joint line change and ACL elongation in extension position, R ¼ 0.64, p < 0.001 for ACL AM bundle (Fig. 5A) ; R ¼ 0.56, p ¼ 0.001 for ACL PL bundle (Fig. 5B) . No correlation was found between flexion joint line changes and PCL elongation in flexion position.
DISCUSSION
The removal of ACL and PCL in contemporary TKA designs has been considered as one of important factors leading to abnormal knee kinematics, paradoxical anterior femoral translation, and patient dissatisfaction. [1] [2] [3] [4] The BCR TKA design, allowing the preservation of both ACL and PCL, has the potential to restore normal knee functions. The comparison of the ACL and PCL elongation pattern between BCR TKA and native knee under in-vivo conditions may provide useful knowledge toward improved implant design and surgical techniques. This study represents, one of the first effort to investigate in-vivo cruciate ligament elongation during functional activity in patients with contemporary BCR TKA implants. Reciprocal function between cruciate ligaments in both BCR TKA and contralateral non-operated knees was observed. The general elongation trends of the cruciate ligaments and the lack of reciprocal function between the two bundles of the ACL/PCL mirrored findings from previous in-vivo data in healthy subjects. 13 In particular, comparable decreasing ACL and increasing PCL length patterns across knee flexion angles were observed between BCR TKAs and the normal healthy knees reported by Li et al. 13 The elongation of ACL in the BCR TKA was not significantly different from that of the contralateral non-implanted knee during most of the flexion path for the AM bundle (Fig. 4A ) and during the entire flexion path for the PL bundle. Neither was significant difference in the maximal elongation of either AM nor PL bundle observed between the BCR TKA and the contralateral non-implanted knee in extension. However, strong inter-subject variation was observed in the change of ACL elongation between BCR TKA and the contralateral non-implanted knee for both bundles (Table 1) , suggesting a heterogeneous restoration of the normal ligament function in the BCR TKA.
As ligament elongation is intimately related to invivo kinematics, factors that are known to affect native knee kinematics may directly influence the ligament elongation patterns. As there is a paucity of data reported on the in-vivo kinematics of BCR TKA in the current literature, the investigation of contributing factors to the altered ACL elongation patterns remains scarce. Previous studies have identified joint gap change as a significant contributor to post-operative in-vivo kinematics in the PS or CR TKA design. 19, [24] [25] [26] Christen et al., 19 described a positive relation between increased flexion gap and mean anterior tibial translation during surgery in 91 CR TKA. In another study by Fujimoto et al., 24 the effect of intra-operative gaps on in-vivo kinematics during deep knee bending was investigated in 30 CR TKA, with a significant association observed between a wide flexion gap and anterior displacement of the medial femoral condyle. This suggest that joint gap change may also influence the in-vivo ACL function in BCR TKA. In our study, a significant correlation was identified between the extension joint gap change and the change of ACL elongation in extension position (R ¼ 0.64, p ¼ 0.0002 for AM bundle; R ¼ 0.56, p ¼ 0.0013 for PL bundle), providing a potential explanation to the observed variation. It is possible that the elevation of joint contact interface due to the extension joint gap change may alter the native knee kinematic pattern, 40 and therefore lead to change of ACL elongation. Our findings highlight the importance of precise soft tissue balancing, accurate component positioning and joint line restoration in BCR TKA for an optimized restoration of native ACL function.
In addition, BCR TKA knees did not demonstrate increased anteroposterior laxity when compared with the contralateral non-operated knee (p ¼ 0.957), consistent with the findings of Camilla et al, using the same BCR TKA implant in a recent in-vitro study. 41 This finding supports the importance of ACL preservation in restoring anteroposterior stability in previous invitro, 42 in-vivo, 43 and clinical unicompartmental knee arthroplasty studies. 44 The clinical laxity test may provide a suitable surrogate test for in-vivo ACL elongation and serve as a potential patient screening tool for consideration of BCR TKA implants.
In contrast, the elongation of PCL in the BCR TKA was significantly greater than that of the contralateral non-implanted knee during mid-flexion. The BCR TKA PCL was significantly overstretched in deep flexion positions, resonating with a previous in-vivo CR TKA study by Yue et al., 16 who reported overstretching of the PCL in CR TKA during deep flexion and attributed this to reduced femoral rollback secondary to kinematic conflict. Kinematic conflict occurs in CR TKA when the posterior lip of the dished tibial insert prevents femoral rollback, resulting in progressive tightening of the PCL. Other factors such as joint line elevation may also contribute to PCL overstretching. 46 However, in our study, no correlation was demonstrated between flexion joint gap change and the change of PCL elongation in flexion.
The results of the current study need to be interpreted in light of several limitations. Firstly, we analyzed cruciate ligament elongation between BCR TKA and the contralateral non-operated knee using a mirroring technique. However, cruciate ligament elongation patterns in normal healthy knees have been reported to be similar when compared to mild osteoarthritic knees. 13 Secondly, attachments of the BCR TKA cruciate ligament were based on previous anatomical studies. However, previous sensitivity analysis has demonstrated that variations in cruciate ligament attachment sites do not adversely affect elongation measurements during in-vivo experiments. 13 Thirdly, although all patients had morphologically intact cruciate ligaments, there may be degenerative histological changes, which may affect in-vivo cruciate ligament function. For instance, several studies have noted histological degeneration in macroscopically normal cruciate ligaments in osteoarthritic knees. 47, 48 Lastly, our study cohort had a relatively short mean follow-up duration of 12 months. Longer follow-up would be required to determine if the elongation characteristics of the cruciate ligaments are maintained with time.
In conclusion, this study shows that BCR TKA may be capable of restoring "near-normal" cruciate ligament elongation patterns and maintaining the anteroposterior stability. However, high variation was observed in the changed elongation of both cruciate ligaments. Our study identifies the potential role of extension joint gap change in restoring native ACL function and highlights the importance of accurate joint line restoration during implantation of the BCR TKA. Future studies are needed to investigate patient, surgical and component design factors to optimize cruciate ligament functions of BCR TKA patients.
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